Background: GPR120 (FFAR4) is a GPCR activated by long chain fatty acids. Results: Palmitate-and DHA-stimulated glucagon secretion is markedly reduced from GPR120 KO islets. Conclusion: GPR120 is a nutrient sensor that is activated endogenously by both saturated and unsaturated long chain fatty acids. Significance: Targeting GPR120 for diabetes may impact glucose homeostasis in part through altering glucagon secretion and islet function.
Type 2 diabetes is characterized by insulin resistance and loss of ␤ cell function. A family of five G-protein-coupled receptors (GPCR) 2 that are activated by fatty acids of varying chain lengths has been identified and characterized as drug targets for diabetes (1) . Of particular interest is GPR120 (FFAR4), which is engaged by long chain fatty acids (LCFAs) regardless of the degree of saturation, is coupled to G␣ q/11 and is expressed predominantly in tissues that contribute to glucose homeostasis including colon, adipose, pituitary, and islets (2) . Recent data suggest that engagement of GPR120 might result in both enhanced ␤ cell function and improved insulin sensitivity (3, 4) . GPR120 was originally identified as the receptor that mediates GLP-1 secretion from the colon in response to the unsaturated LCFA ␣-linolenic acid (5) . GLP-1 is an incretin hormone that promotes insulin secretion in humans and is suggested to increase ␤ cell survival and proliferation in preclinical models (6) . More recently, GPR120 was proposed to mediate the ability of -3 fatty acids (omega-3, n-3) to reduce inflammation and prevent insulin resistance in a diet-induced model of diabetes (3) . Deletion of GPR120 from mice results in glucose intolerance and obesity, and consistent with this observation, a mutation that inhibits GPR120 signaling is associated with an increased risk of obesity in European populations (7) . A study comparing normal and diabetic human islets revealed that reductions in GPR120 expression are associated with increased HbA1c levels; a clinical end point used as a measure of glucose levels over longer periods of time (4) . The combination of these data suggest that GPR120 agonists might improve ␤ cell function and insulin sensitivity, with the additional potential to reduce body weight, making GPR120 an attractive target for the treatment of metabolic disease.
The goal of this series of studies was to gain a better understanding of the role of GPR120 in pancreatic islets and the extent to which this role may contribute to the metabolic phenotype of GPR120 KO mice. Although several groups have demonstrated that GPR120 is expressed in islets (1, 4, 8) , the acute role of GPR120 in islets has yet to be examined. LCFAs, which are thought to be endogenous ligands for GPR120, have well-characterized acute effects on hormone secretion from islet ␣-and ␤-cells. They amplify glucagon secretion from ␣-cells, with saturated fatty acids potentiating glucagon secretion more potently than unsaturated variants of identical chain length (9) . LCFAs also potentiate insulin secretion from ␤ cells and like the incretins, their effect is glucose-dependent, only enhancing secretion when stimulating levels of glucose are present (10 -12) . GPR40 is a major contributor to the increase in insulin secretion caused by LCFAs. The ability of linoleic or palmitic acid to acutely amplify GSIS is markedly reduced in islets isolated from GPR40 KO mice (11, 13) or in islets targeted with GPR40 antisense (14) . Moreover, in vivo increases in insulin secretion typically observed after intralipid infusion are greatly reduced in GPR40 KO mice (15) . The synthetic GPR40 agonist, TAK-875, increases GSIS in rodent and human islets and results in significant reductions in HbA1c in patients with type 2 diabetes (16) .
Here, we demonstrate that the acute effects of LCFAs on hormone secretion from GPR120 KO islets are intact in ␤-cells and greatly reduced from ␣-cells. Although GPR120 is frequently referred to as an -3 or unsaturated fatty acid receptor, our data suggest that both saturated and unsaturated LCFAs engage GPR120 endogenously. Surprisingly, LCFA potentiated glucagon secretion is similarly reduced in GPR40 KO islets, suggesting that both receptors contribute to LCFA potentiated glucagon secretion. Consistent with published data, we find that GPR120 KO mice have impaired glucose tolerance; however, our data suggest that aberrant glucose control may be due to increased glucagon-mediated hepatic glucose production rather than from impairment in insulin sensitivity as has been previously proposed (3, 7) .
EXPERIMENTAL PROCEDURES
Materials-All chemicals, peptides, and kits were purchased from Sigma-Aldrich unless otherwise noted.
Knock-out Mice-GPR120 and GPR40 knock-out mice were purchased from Taconic. All GPR120 mice were backcrossed onto C57Bl/6 for 6 generations or greater prior to experimentation. All GPR40 mice were backcrossed onto C57Bl/6 for 12 generations. Mice were maintained on a standard chow diet (LabDiet; 5008) unless otherwise noted. 60% high fat diet was purchased from Research Diets (RD12492). All experiments were approved by the Johnson & Johnson institutional animal care and use committee.
Metabolic Analyses-Glucose (1.5 g/kg), insulin (Humulin, Eli Lilly) (0.75 units/kg), pyruvate (2 g/kg), and arginine (1.25 g/kg) tolerance tests were performed by intraperitoneal injection (IP). The glucagon challenge was performed by subcutaneous injection of glucagon (10 g/kg) 15 min following intraperitoneal injection of somatostatin (10 mg/kg). Glucose was measured from tail blood at the specified time points using the Bayer Ascensia Breeze 2 blood glucose monitoring system. For plasma insulin measurements during a glucose tolerance test, fasting and 15-min plasma insulin levels were measured from 10 l of plasma collected from the tail using an electochemiluminescent assay (Mesoscale Diagnostics). For measurement of glucagon prior to and during arginine tolerance tests, blood was collected from the tail and measured using Luminex Bead technology (Millipore).
Quantitative RT-PCR/Splicing Analysis-RNA was isolated using the GenElute mammalian total RNA isolation miniprep kit and reverse transcribed using the high capacity cDNA reverse transcription kit (Applied Biosystems) according to the manufacturer's instructions. cDNA was then combined with stock taqman primer probesets to the gene of interest and amplified with TaqMan advanced universal PCR master mix (Applied Biosystems) using an ABI 7500 fast real-time PCR system. Expression was normalized to 18s. Humans islet mRNA and ␣-cell mRNA derived from human embryonic stem cells were a kind gift of Betalogics (17) . The human islet mRNA was a single pooled sample from several subjects. For analysis of GPR120 splice site expression, primers flanking the putative splice site were designed (Applied Biosystems) (5Ј-GTGC-CAGGACTGGTCATTGT-3Ј and 5Ј-GTGAGCCTCTTCCT-TGATGC-3Ј), and cDNA was amplified as previously described (18) .
Fatty Acid Preparation-DHA and palmitic acid were purchased from Sigma-Aldrich. These fatty acids were prepared as salts through the combination of equimolar amounts of fatty acid and sodium hydroxide in 100% ethanol. The ethanol was evaporated overnight, and fatty acid salts were dissolved in water on a hot plate at 20 mM. The 20 mM fatty acid solution was then complexed with bovine serum albumin (BSA) by adding an equal volume of 4 mM (26.4%) fatty acid-free BSA (Sigma Aldrich) and incubating at 37°C for a minimum of 1 h. 10 mM fatty acid:2 mM BSA solutions were prepared fresh for each experiment.
Islet Isolation-Islets were isolated from mice by injecting Liberase TL (Roche Applied Science) into the pancreatic duct, surgically removing the infused pancreas and placing it into 50-ml conical tubes containing 4 ml of Liberase TL in Hank's balanced salt solution (HBSS). Mouse pancreata were incubated for 15 min in a 37°C water bath. The digested pancreata were than washed three times in a 10% FBS/HBSS solution, and islets were isolated from acinar tissue on a Histopaque gradient. After three additional washes, islets were handpicked under a dissecting microscope and cultured in RPMI 1640 containing 11.1 mM glucose, 10% fetal bovine serum, 2 mM L-glutamine, 100 units/ml penicillin, 100 g/ml streptomycin, and 250 ng/ml amphotericin b (Invitrogen) for 18 h at 37°C and 5% CO 2 to allow for recovery from the isolation process.
Glucagon/Insulin Secretion Studies-For all islet studies, Krebs-ringer buffer (2.6 mM calcium chloride, 98.5 mM sodium chloride, 4 mM potassium chloride, 1.2 mM potassium phosphate, 1.2 mM magnesium sulfate, 25.9 mM sodium bicarbonate, 20 mM HEPES) was oxygenated with 95% O 2 /5% CO 2 for 20 min immediately prior to each experiment, and subsequently supplemented with 0.2% BSA and varying concentrations of glucose (stated in figures).
For analysis of glucagon secretion, islets were washed three times in 12 mM glucose KRB and then allowed to equilibrate in this buffer for 1 h at 37°C. 10 islets were then handpicked, placed into a well on a 96-well plate containing 200 l of 1 mM glucose KRB supplemented with 2-5 mM L-arginine, 2 mM L-glutamine, and the indicated stimulus, and incubated for 90 min at 37°C. Supernatant was collected and assayed for glucagon using an electochemiluminescent assay. Each condition was replicated 4 -6 times per experiment.
For analysis of insulin secretion, islets were washed three times in 2.75 mM glucose KRB and then allowed to equilibrate Phenotype of GPR120 KO Mice and Effects of LCFA on Islets for 1 h at 37°C. 10 islets were then handpicked, placed into a well on a 96-well plate containing 200 l of either 2.67 or 16.67 mM glucose KRB supplemented with the indicated stimulus, and incubated for 1 h 37°C. Supernatant was collected and assayed for insulin using an electochemiluminescent assay. Each condition was replicated 4 -6 times per experiment. For analysis of total insulin and glucagon content, islets were lysed in RIPA buffer and assayed using electrochemiluminescent assays.
Immunohistochemistry-Pancreata were formalin fixed, paraffin embedded, and sectioned at 5-m thickness. Sections were double labeled with rabbit insulin (Cell Signaling) and mouse glucagon (Chemicon Interanational, Inc.) antibodies at 1:400 and 1:1000 dilutions, respectively. Goat anti-rabbit biotinylated IgG and donkey anti-mouse biotinylated IgG were used as secondary antibodies at 1:2000 dilutions (Chemicon). The immune-reactivity was visualized by ABC reagent (Vector) and diaminobenzidine (DAKO) for insulin or ImmPACT SG (Vector) for glucagon followed by counterstaining with nuclear fast red. A light microscope equipped with a Q Image camera was used to capture images.
Calcium Mobilization-Human GPR120S and GPR40 expressing cells were plated at 10,000 cells per well with 20 l of media in black/clear 384-well plates. After overnight culture, calcium mobilization assays were run using a BD calcium assay kit according to the manufacturer's protocol with the exception that 2.5 mM probenecid was included. Varying concentrations of fatty acids dissolved in DMSO were added, and fluorescence changes were monitored via a FLIPR Tetra instrument (Molecular Devices).
Statistical Analysis-Data are presented as means Ϯ S.E. Differences between groups were analyzed by the t test. When 3 or more groups were included in the study, one-way ANOVA was used. Bonferroni post-hoc tests were performed to compare between groups of interest. For in vivo studies (e.g. GTT, ITT, PTT glucagon challenge), two-way ANOVA analysis was used. p Ͻ 0.05 was considered significant. Individual experiments, that are representative of a series of experiments, are presented.
RESULTS

GPR120S Predominates in Islets and
Other Tissues-Several groups have reported the expression of GPR120 in human islets and rodent islet cell lines (1, 4, 8) . Analysis of GPR120 sequences in public databases suggests the presence of an alternative exon within the 3rd intracellular loop of GPR120 such that a short (GPR120S) and a long (GPR120L) isoform with a 16-amino acid insertion may be produced in humans (5, 19) . Studies exploring the expression profile of the distinct isoforms in different tissues or disease states have not been performed. To confirm expression of GPR120 in human islets and to determine which of the GPR120 splice isoforms predominates, primers that flank the putative splice insert were used to amplify GPR120 from human islet cDNA, cDNA from ␣-cell progenitor cells differentiated from human embryonic stem cells (17) and from cDNA where high levels of GPR120 expression has been reported. For reference, cDNA from cell lines stably transfected with GPR120L or GPR120S (2 distinct lines) were amplified in parallel. The amplified product from every tissue analyzed comigrated with the product amplified from cells expressing GPR120S (Fig. 1A) . No amplified product co-migrating with GPR120L was detected (Fig. 1A) . A similarly designed quantitative RT-PCR analysis evaluating 72 human tissues or tissue regions with GPR120S or GPR120L-specific TaqMan primer/ probe sets did not identify a single tissue that expresses the GPR120L isoform (data not shown). These data suggest that GPR120S is the predominant isoform in the human tissues previously reported to have abundant GPR120 expression.
GPR120 Expression in Human and
Mouse Islets-Expression of GPR120 and the other FFAR family members GPR40, GPR41, and GPR43 were examined by quantitative RT-PCR in a pooled sample of human islets and in ␣ cells differentiated from human embryonic stem cells (Fig. 1B, left panel) . Determination of the relative expression of insulin and glucagon mRNA in either population demonstrated a marked enrichment in glucagon expression in the ␣ cells (Fig. 1B, right panel) . GPR40, GPR43, and GPR120 were expressed in both human islets and the human ␣ cells (Fig. 1B, left panel) .
Mice produce only one GPR120 isoform, orthologous to GPR120S. Quantitative RT-PCR confirmed expression of GPR120 mRNA in wild-type (WT) mouse islets and adipocytes (Fig. 1C) . GPR120 mRNA transcripts were not detected in adipocytes and islets isolated from GPR120 KO mice (Fig. 1C ). To determine whether there are compensatory changes in the expression of other fatty acid receptors in GPR120 KO islets, mouse islet RNA from GPR120 WT and GPR120 KO islets was analyzed for changes in the expression of the other free fatty acid receptors. GPR40 (FFAR1), GPR43 (FFAR2), and GPR41 (FFAR3) expression was similar in GPR120 WT and GPR120 KO islets (Fig. 1D) .
Islet Function and Architecture in GPR120 KO Mice-The expression of GPR120 in islets suggests a role for this receptor in the regulation of fatty acid potentiated hormone secretion from islet cell sub-types. Before exploring whether there were changes in the ability of fatty acids to potentiate hormone secretion from islet ␣ and ␤ cells in GPR120 KO mice, we sought to provide evidence that islets isolated from GPR120 KO mice have the capacity to respond to other nutrient stimuli. High glucose (16.67 mM) stimulated insulin secretion similarly in GPR120 WT and KO islets ( Fig. 2A ). Expressed as a stimulation index, high glucose increased insulin secretion relative to low glucose (2.75 mM) 9.8-fold in islets isolated from GPR120 WT mice and 9.4-fold in islets isolated from GPR120 KO mice (Fig. 2B) . Similarly, arginine potentiated glucagon secretion in both GPR120 WT and GPR120 KO islets (Fig. 2C ). Expressed as a stimulation index relative to 2 mM arginine (basal secretion), increasing doses of arginine potentiated glucagon secretion to the same degree in islets isolated from both GPR120 WT and GPR120 KO mice (Fig. 2D ). Taken together, these data suggest that the stimulus-secretion coupling machinery in both the ␣ and ␤ cells of GPR120 KO islets is functional and not different from WT islets.
The apparent increase in glucagon secretion under basal conditions and in response to arginine in GPR120 KO islets relative to GPR120 WT islets was not consistently observed from experiment to experiment. Analysis of basal glucagon secretion (2 mM arginine) across all experiments did not reveal differences between islets isolated from GPR120 WT and GPR120 KO mice (Fig. 2E) . The variable nature of islet isolations and the challenges associated with matching the size of islets between distinct genotypes, even though isolated in parallel, likely contributed to the observed differences. To control for these differences, we normalized fatty acid potentiated insulin and glucagon secretion to basal secretion in the experiments described below.
To determine if the overall organization of cells within islets in GPR120 KO mice is normal, immunohistochemistry was performed on pancreas sections from GPR120 WT and GPR120 KO mice either on normal chow or on a 60% high fat diet using insulin and glucagon antibodies ( Fig. 3 ; insulin, red; glucagon, blue). Islets from both genotypes were intact and generally similar in terms of overall architecture (Fig. 3) . The only qualitative difference we observed was an increase in the presence of ␣ cells within the core of GPR120 KO islets relative to GPR120 WT islets. This was apparent in GPR120 KO mice on both normal chow and 60% high fat diet. It should be noted, however, that these studies were not designed or powered appropriately to quantitate islet number, hormone expression, or the presence of ␣ cells in the islet core. As a result, the observation of increased core ␣ cells was not assessed as has been previously described (20) . We did investigate total islet glucagon and insulin content in isolated islets from GPR120 WT and GPR120 KO islets. While there was no difference in glucagon content between islets isolated from GPR120 WT and KO mice (Fig. 2F , left panel), there was a 31% decrease in insulin content in GPR120 KO islets relative to GPR120 WT islets (Fig. 2F , right panel).
Saturated and Unsaturated LCFAs Mobilize Calcium in GPR120 Overexpressing Cells-Initial reports suggested that both saturated (e.g. palmitic acid) and unsaturated LCFAs (e.g. DHA, palmitoleic, oleic acid) lead to increases in calcium mobilization in cells expressing GPR120 (5) . To confirm that both saturated and unsaturated fatty acids activate GPR120, calcium mobilization was monitored in cells overexpressing GPR120 following treatment with fatty acids containing varying degrees of saturation. As a positive control, the identical experiment was performed in cells overexpressing GPR40, a receptor that is known to be engaged by both saturated and unsaturated LCFAs. Palmitic acid, oleic acid, palmitoleic acid, and DHA solubilized in DMSO caused dose-dependent increases in intracellular calcium levels in both GPR120- (Fig. 4A ) and GPR40-overexpressing cells (Fig. 4B) . The relative insolubility of palmitic acid at high concentrations hampered our ability to determine its maximal efficacy in comparison to the other fatty acids tested, which remained in solution for the duration of the assay. To increase solubility and to mimic physiological conditions in subsequent islet experiments, fatty acids were prepared as salts in a 5:1 molar mixture with fatty-acid free bovine serum albumin. Since a significant fraction of the fatty acids bind to BSA and only the unbound fatty acids can interact with the receptor, higher concentrations of fatty acid:BSA mixtures are FIGURE 1. Expression of GPR120 in human and mouse islets. A, expression of GPR120S and GPR120L was examined by RT-PCR using primers that flank the putative splice insert and cDNA from human (H.) islets, adipose, brain, lung, and ␣ cell progenitor cells differentiated from human embryonic stem cells. For reference, cDNA from cell lines stably transfected with either GPR120L (GPR120 Long) or GPR120S (GPR120 Short) was amplified in parallel to generate products that migrated as two distinct bands. The amplified product from every cDNA sample analyzed migrated exactly with the product amplified from cells expressing GPR120S. B, expression of GPR40, GPR41, GPR43, and GPR120 (left panel), as well as glucagon and insulin (right panel), was analyzed by quantitative PCR using cDNA from human islets and ␣ cell progenitor cells differentiated from human embryonic stem cells. The ␣ cells were enriched in glucagon mRNA relative to the human islets. Both the human islets and the ␣ cells expressed GPR40, GPR43, and GPR120. C, expression of GPR120 in adipocytes and islets isolated from GPR120 WT and GPR120 KO mice was evaluated by quantitative RT-PCR. GPR120 mRNA was detected in islets and adipocytes isolated from GPR120 WT mice but not from GPR120 KO mice. D, effect of GPR120 deletion on the expression of GPR40 (FFAR1), GPR41 (FFAR3), and GPR43 (FFAR2) in islets isolated from GPR120 WT and GPR120 KO mice was assessed. No differences were observed in the expression of GPR40, GPR41, and GPR43 between GPR120 WT and GPR120 KO islets. E, expression of GPR120 in islets isolated from GPR40 WT and GPR40 KO mice was evaluated by quantitative PCR. Identical levels of GPR120 mRNA were detected in islets isolated from GPR40 WT and GPR40 KO mice.
required for GPR120 activation than might be predicted from experiments where fatty acids are solubilized only with DMSO.
LCFA-Potentiated Glucagon Secretion Is Markedly Reduced in GPR120 KO Islets-LCFAs have previously been demonstrated to potentiate glucagon secretion from ␣ cells with saturated fatty acids increasing glucagon secretion to a greater extent than unsaturated fatty acids of identical chain length (9).
Our observation that GPR120 is expressed in human and mouse islets and in ␣ cells differentiated from human embryonic stem cells, prompted us to ask whether GPR120 contributes to the ability of LCFAs to potentiate glucagon secretion in an acute paradigm. To address this question, islets were isolated from GPR120 WT and GPR120 KO mice, and glucagon secretion was measured after treatment with palmitate or DHA. The FIGURE 2. Glucose-stimulated insulin secretion (GSIS) and arginine-potentiated glucagon secretion from GPR120 WT and KO islets. A, ability of islets to secrete insulin in response to glucose was compared in islets isolated from GPR120 WT and KO mice. GPR120 WT islets secreted 1408 Ϯ 278.9 pg/ml insulin at basal glucose levels (2.67 mM) and secreted 13824 Ϯ 2738 pg/ml insulin in response to 16.67 mM glucose. GPR120 KO islets secreted 1321 Ϯ 315.9 pg/ml insulin at basal glucose levels (2.67 mM) and secreted 12441 Ϯ 1073 pg/ml insulin in response to 16.67 mM glucose. B, expressed as a stimulation index, 16.67 mM glucose increased insulin secretion relative to 2.67 mM glucose 9.8 Ϯ 1.9-fold in GPR120 WT islets and 9.4 Ϯ .8-fold in GPR120 KO islets. C, ability of islets to secrete glucagon in response to arginine was compared in islets isolated from GPR120 WT and KO mice. GPR120 WT islets secreted 410 Ϯ 106 pg/ml glucagon at basal arginine levels (2 mM) and secreted 286 Ϯ 43 pg/ml, 1664 Ϯ 270 pg/ml and 3586 Ϯ 756 pg/ml glucagon in response to 5, 10, and 25 mM arginine. GPR120 KO islets secreted 863 Ϯ 92 pg/ml glucagon at basal arginine levels (2 mM) and secreted 575 Ϯ 91 pg/ml, 3057 Ϯ 209 pg/ml, and 9106 Ϯ 2340 pg/ml glucagon in response to 5, 10, and 25 mM arginine. D, expressed as a stimulation index, 5, 10, and 25 mM arginine increased glucagon secretion relative to 2 mM arginine 0.7 Ϯ 0.1-fold, 4.1 Ϯ 0.7-fold, and 8.7 Ϯ 1.8-fold, respectively, from GPR120 WT islets and 0.7 Ϯ 0.1-fold, 3.5 Ϯ .2-fold, and 10.5 Ϯ 2.7-fold, respectively, from GPR120 KO islets. E, to determine if basal glucagon secretion (2 mM arginine) is different between GPR120 WT and GPR120 KO islets, basal glucagon secretion was combined across all experiments performed. GPR120 WT islets secreted 752 Ϯ 125.6 pg/ml and GPR120 KO islets secreted 629.2 Ϯ 42.1 pg/ml glucagon at basal arginine levels (p ϭ 0.4, n ϭ 24 -25). F, total glucagon and insulin content was compared in islets isolated from GPR120 WT and GPR120 KO mice on normal chow diet. GPR120 WT islets contained 73.3 Ϯ 6.4 ng/ml and GPR120 KO islets contained 77.1 Ϯ 7.8 ng/ml glucagon per 10 islets (p ϭ 0.71, n ϭ 17-22). GPR120 WT islets contained 5327 Ϯ 241 ng/ml and GPR120 KO islets contained 3687 Ϯ 243 ng/ml insulin per 10 islets (p Ͻ 0.0001, n ϭ 17-22). MAY 30, 2014 • VOLUME 289 • NUMBER 22 ability of palmitate and DHA to potentiate glucagon secretion from GPR120 KO islets was attenuated compared with that from WT islets. Palmitate increased glucagon secretion 4.1-fold in GPR120 WT islets relative to BSA compared with only 2-fold in GPR120 KO islets (Fig. 5A) . DHA increased glucagon secretion 2-fold relative to BSA from GPR120 WT islets but did not produce any increase in glucagon secretion in GPR120 KO islets (Fig. 5B) . These data suggest that GPR120 regulates LCFA potentiated glucagon secretion and that both saturated and unsaturated LCFA can engage GPR120 endogenously in mouse ␣ cells.
Phenotype of GPR120 KO Mice and Effects of LCFA on Islets
Since GPR40 is engaged by the same fatty acids that activate GPR120 and is important for LCFA-potentiated GSIS, we hypothesized that GPR40 and GPR120 would have distinct cell type specific roles in mediating hormone secretion from islet cells. To understand if GPR40 plays a role in LCFA-potentiated glucagon secretion, islets were isolated from GPR40 WT and KO mice and glucagon secretion was measured after treatment with palmitate or DHA. Surprisingly, both palmitate-and DHA-potentiated glucagon secretion were reduced in GPR40 KO islets. In GPR40 WT islets, palmitate-potentiated glucagon secretion 5-fold relative to BSA versus only 1.7-fold from GPR40 KO islets (Fig. 5C ). DHA increased glucagon secretion 2.1-fold from GPR40 WT islets relative to BSA but was unable to potentiate glucagon secretion from GPR40 KO islets (Fig.  5D ). Altered GPR120 mRNA expression was not observed in islets isolated from GPR40 KO mice (Fig. 1D ), nor were changes in GPR40 expression observed in islets isolated from GPR120 KO mice (Fig. 1E) . Taken together, these data suggest that both GPR120 and GPR40 regulate LCFA potentiated glucagon secretion and that both saturated and unsaturated LCFA can engage GPR120 endogenously in mouse ␣ cells.
GPR120 Is Not Required for LCFA Potentiated GSIS-To determine if GPR40 and GPR120 are both involved in LCFA- To compare the morphology of islets from GPR120 WT and GPR120 KO mice on NCD and HFD, immunohistochemical localization studies were performed on pancreas sections using antibodies to insulin (red) and glucagon (blue). A, islets from GPR120 WT mice on NCD; B, islets from GPR120 KO mice on NCD; C, islets from GPR120 WT mice on HFD; D, islets from GPR120 KO mice on HFD. Photographs shown are all at ϫ200 magnification. potentiated GSIS from ␤ cells, islets from GPR120 WT, GPR120 KO, GPR40 WT, and GPR40 KO mice were isolated, and the ability of palmitate to potentiate GSIS was evaluated. Palmitate-potentiated GSIS was fully preserved in GPR120 KO islets. Palmitate increased GSIS by 4.5-fold relative to BSA from GPR120 WT islets and by 5-fold from GPR120 KO islets (Fig.  5E ). Consistent with previous reports (11, 13) , palmitate-potentiated GSIS was markedly reduced from GPR40 KO islets (Fig.  5F ). Palmitate increased GSIS by 6.6-fold relative to BSA from GPR40 WT islets versus only 1.8-fold from GPR40 KO islets FIGURE 5. Long chain fatty acid potentiated glucagon and insulin secretion in islets isolated from GPR120 and GPR40 KO mice. The effect of palmitate (A) and DHA (B) on glucagon secretion was assessed in GPR120 WT and KO islets. A, glucagon secretion from GPR120 WT islets was increased 4.1 Ϯ 0.1-fold relative to BSA in response to palmitate whereas glucagon secretion from GPR120 KO islets was increased only 2.0 Ϯ 0.4-fold (p Ͻ 0.001, n ϭ 6 compared with WT islets). B, glucagon secretion from GPR120 WT islets was increased 2.0 Ϯ 0.5-fold relative to BSA in response to DHA but DHA failed to increase glucagon secretion from GPR120 KO islets (p Ͻ 0.05, n ϭ 5 compared with WT islets). The effect of palmitate (C) and DHA (D) on glucagon secretion was similarly assessed in GPR40 WT and GPR40 KO islets. C, glucagon secretion from GPR40 WT islets was increased 5.0 Ϯ 1.1-fold relative to BSA in response to palmitate whereas glucagon secretion from GPR40 KO islets increased only 1.7 Ϯ 0.2-fold in response to palmitate (p Ͻ 0.001, n ϭ 6 compared with WT islets). D, glucagon secretion from GPR40 WT islets increased 2.1 Ϯ 0.2-fold relative to BSA in response to DHA. DHA failed to increase glucagon secretion from GPR40 KO islets (p Ͻ 0.001, n ϭ 6 compared with WT islets). The ability of palmitate to potentiate GSIS secretion was analyzed in GPR120 KO islets (E) and GPR40 KO islets (F). E, palmitate treatment increased GSIS from GPR120 WT islets 4.5 Ϯ 0.6-fold relative to BSA and increased GSIS from GPR120 KO islets 5 Ϯ 0.5-fold (p ϭ n.s., n ϭ 5 compared with WT islets). F, palmitate treatment increased GSIS from GPR40 WT islets 7.6 Ϯ 1.1-fold relative to BSA and only increased GSIS from GPR40 KO islets by 1.5 Ϯ 0.1-fold (p Ͻ 0.001, n ϭ 6 compared with WT islets). MAY 30, 2014 • VOLUME 289 • NUMBER 22 (Fig. 5F ). These data demonstrate that GPR40, and not GPR120, is the key receptor mediating the acute potentiation of GSIS by palmitate in the ␤-cell.
Obesity, Hyperglycemia, and Glucose Intolerance in GPR120 KO Mice-The metabolic phenotype of our GPR120 KO mice is largely in line with previous reports suggesting that GPR120 KO mice are obese and glucose intolerant (3, 7) . A cohort of GPR120 WT and GPR120 KO were placed either on a normal chow diet (NCD) or a 60% high fat diet (HFD) and body weights were then collected weekly from 5 weeks through 16 weeks of age. At 5 weeks, the GPR120 KO mice on NCD were 16% heavier than GPR120 WT mice on NCD (Fig. 6A ) and the group of GPR120 KO mice initiated on HFD at this time were 18% heavier than GPR120 WT mice (Fig. 6B) . On NCD, this difference in weight persisted and further increased as the mice aged. By four months of age, GPR120 KO mice on NCD were 31.4% heavier than GPR120 WT mice (Fig. 6A) . However by four months of age on HFD, the initial difference in body weights was no longer apparent, and GPR120 WT mice actually weighed 2% more than GPR120 on HFD (Fig. 6B) .
Parameters associated with glucose homeostasis were also analyzed in GPR120 WT and GPR120 KO mice on NCD and HFD. On NCD, GPR120 KO mice are significantly hyperglycemic and hyperinsulinemic relative to GPR120 WT mice. Aver-FIGURE 6. Metabolic characteristics of GPR120 KO mice. A and B, body weights were monitored weekly from 5 weeks through 16 weeks of age in a cohort of GPR120 WT and GPR120 KO mice on NCD and HFD. A, in GPR120 WT mice on NCD, average body weight increased from 17.1 to 27.2 grams from 5 through 16 weeks, whereas in GPR120 KO mice on NCD, average body weight increased from 19.9 to 35.8 grams. B, in GPR120 WT mice on HFD, average body weight increased from 17.4 to 43.4 grams and in GPR120 KO mice on HFD, average body weight increased from 20.6 to 42.4 grams. 6-hour fasting glucose (C) and insulin (D) levels were also evaluated. Average 6-h fasting glucose (FG) was 185 Ϯ 7 mg/dL in GPR120 WT on NCD versus 228 Ϯ 16 mg/dL in GPR120 KO mice on NCD (p Ͻ 0.05, n ϭ 6 compared with WT). In mice on HFD, average 6 h FG was 212 Ϯ 15 mg/dL in GPR120 WT mice versus 321 Ϯ 19 mg/dL in GPR120 KO mice (p Ͻ 0.001, n ϭ 9 compared with WT). Average 6 h fasting insulin (FI) was 339 Ϯ 76 pg/ml in GPR120 WT mice on NCD versus 906 Ϯ 175 pg/ml in GPR120 KO mice on NCD (p Ͻ 0.01, n ϭ 6 compared with WT). In mice on HFD, average 6 h FI was 2370 Ϯ 498 pg/ml in GPR120 WT mice, and 1777 Ϯ 407.9 pg/ml in GPR120 KO mice (p ϭ n.s., n ϭ 9 compared with WT). E, an intraperitoneal glucose tolerance test (GTT) was performed on GPR120 WT and GPR120 KO mice on NCD. A significant increase in the glucose excursion was observed in GPR120 KO mice on NCD relative to GPR120 WT mice (p Ͻ 0.001, n ϭ 6 compared with WT). F, insulin was measured prior to (0 min) and during (15 min) the ipGTT. Insulin increased 213.8 Ϯ 38.7 pg/ml from 0 to 15 min in GPR120 WT mice and increased 269.6 Ϯ 47.5 pg/ml from 0 to 15 min in GPR120 KO mice (p ϭ .4, n ϭ 6).
age 6-h fasting glucose was increased by 48 mg/dL (Fig. 6C ) and average 6-h fasting insulin increased by 569 pg/ml (Fig. 6D ) in GPR120 KO mice on NCD relative to GPR120 WT mice. GPR120 KO mice on HFD are significantly hyperglycemic but not hyperinsulinemic relative to GPR120 WT mice. Average 6 h fasting glucose increased by 109 mg/dL relative to that in GPR120 WT mice (Fig. 6C) , and although the difference was not statistically significant 6 h fasting insulin was surprisingly decreased by 593 pg/ml relative to GPR120 WT mice (Fig. 6D ). An intraperitoneal glucose tolerance test (IPGTT) was performed to further understand the ability of GPR120 KO mice on NCD to dispose of glucose. A marked increase in the glucose excursion was observed during the IPGTT in GPR120 KO mice relative to GPR120 WT mice on NCD (Fig. 6E) . Analysis of plasma insulin levels prior to (0 min) and during (15 min) the ipGTT revealed that insulin increases to a similar extent in both GPR120 WT and KO mice (Fig. 6F) .
Insulin Sensitivity in GPR120 KO Mice-The combination of hyperglycemia and glucose intolerance with hyperinsulinemia observed in GPR120 KO mice on NCD is usually indicative of tissue insulin resistance. Intraperitoneal insulin tolerance tests (ITTs) were therefore performed to assess whole body insulin sensitivity. After injection with insulin, glucose levels in GPR120 KO mice decreased and plateaued at the same glucose levels as in WT mice despite starting 40 mg/dL higher (Fig. 7A) . The results of the ITT do not suggest that GPR120 KO mice are insulin resistant relative to GPR120 WT mice. We noticed during the portion of the ITT (70 -120 min) where counter-regulatory hormones are increased and act on the liver to increase glucose levels back toward baseline levels, that blood glucose levels appeared to increase much faster in GPR120 KO mice than in GPR120 WT mice (Fig. 7A, 70 -120 min) . This is consistent with previously published hyperinsulinemic-euglycemic clamp data indicating increased endogenous glucose production in GPR120 KO mice (3). The deficits in glucose homeostasis observed in GPR120 KO mice might therefore be caused by increased hepatic glucose production rather than by insulin resistance per se.
Reduced Gluconeogensis in GPR120 KO Mice-Hepatic glucose production is mediated either by gluconeogenesis or glycogenolysis. To explore whether increased gluconeogenesis contributes to glucose intolerance in GPR120 KO mice on NCD, a pyruvate tolerance test was performed. Surprisingly, a significant decrease in the glucose excursion was observed after pyruvate injection in GPR120 KO mice relative to GPR120 WT mice (Fig. 7B) . The observation of decreased gluconeogenesis FIGURE 7 . Evaluation of insulin sensitivity and hepatic glucose tolerance in GPR120 KO mice on a NCD. A, an ITT was performed in GPR120 WT and GPR120 KO mice on NCD to assess insulin sensitivity. A significant difference in the glucose excursion was observed in GPR120 KO mice relative to GPR120 WT mice (p Ͻ 0.05, n ϭ 6). B, a pyruvate tolerance test was performed to understand gluconeogenesis in GPR120 KO mice on NCD. A significant decrease in gluconeogenesis, reflected as a decrease in glucose excursion following pyruvate injection, was observed in GPR120 KO mice relative to GPR120 WT mice on NCD (p Ͻ 0.001, n ϭ 6). C, glucagon secretion was measured in GPR120 WT and KO mice on NCD after an intraperitoneal injection of arginine. Basal glucagon secretion did not differ significantly between GPR120 WT and GPR120 KO mice on NCD (31.9 Ϯ 3.5 pg/ml in WT versus 29.8 Ϯ 2.8 pg/ml in KO) whereas arginine stimulated glucagon secretion was markedly increased in GPR120 KO mice relative to GPR120 WT mice on NCD (45.5 Ϯ 5.4 pg/ml in WT versus 76.77 Ϯ 9.4 in KO mice; p Ͻ 0.01, n ϭ 10). D, to assess liver glucagon sensitivity, a glucagon challenge was performed in GPR120 WT and KO mice on NCD. Glucagon increased glucose levels over time to a much greater degree in GPR120 KO mice relative to GPR120 WT mice (p Ͻ 0.001, n ϭ 13-15).
following a pyruvate challenge in GPR120 KO mice is surprising given the degree of glucose intolerance observed in GPR120 KO mice.
Increased Glucagon Secretion and Glucagon Sensitivity in GPR120 KO Mice-Glucagon released from ␣ cells acts primarily to increase hepatic glucose production via increased glycogenolysis with little to no acute effect on gluconeogenesis (21) . To explore the possible contributions of the glucagon axis to altered glucose homeostasis in GPR120 KO mice, the capacity of ␣ cells to secrete glucagon in vivo was assessed following an arginine challenge. There was no observed difference in baseline glucagon levels between WT and GPR120KO mice (Fig.  7C) . Arginine potentiated glucagon release to a much greater degree in GPR120 KO mice than in GPR120 WT mice, resulting in a 167% increase in glucagon release in GPR120 KO mice relative to basal levels versus only a 42% increase in glucagon release in GPR120 WT mice (Fig. 7C) . To further understand the glucagon axis in GPR120 KO mice, a glucagon challenge was performed to determine hepatic glucagon sensitivity. Prior to performing the glucagon challenge, mice were injected intraperitoneally with somatostatin to inhibit endogenous glucagon and insulin production. Consistent with increased glucagon sensitivity, a significant increase in the glucose excursion was observed during the glucagon challenge in GPR120 KO mice relative to GPR120 WT mice (Fig. 7D) . The combination of increased glucagon secretion and increased hepatic glucagon sensitivity likely contributes to the impaired glucose homeostasis observed in GPR120 KO mice.
DISCUSSION
Unsaturated LCFAs have anti-diabetic and GPR120-dependent effects in adipocytes, macrophages, and enteroendocrine cells (3, 5) . Although GPR120 is expressed in islets (1, 4, 8) and LCFAs regulate hormone secretion from islet ␣ and ␤ cells (9, 12) , it was not clear whether GPR120 mediates these effects. Here, we explored the role of GPR120 in mouse islets using LCFAs and demonstrate that the potentiating effects of LCFAs on glucagon secretion are markedly reduced from GPR120 KO islets regardless of whether the LCFA is saturated or unsaturated. Similar GPR120-dependent effects on insulin secretion from ␤ cells were not identified. We further explored the contribution of the glucagon axis to the glucose intolerance observed in GPR120 KO mice based on observations of an enhanced rate at which glucose returned to baseline in GPR120 KO mice during insulin tolerance tests. Both glucagon secretion and hepatic glucagon sensitivity are increased in vivo in GPR120 KO mice, suggesting that an increase in hepatic glucose production contributes to their metabolic phenotype. Our findings uncover a role for GPR120 in the islets, suggest saturated as well as unsaturated LCFAs are endogenous GPR120 ligands and implicate the liver as a key integrator of GPR120-dependent signals arising from islets and perhaps, other GPR120-expressing tissues that exert effects on glucose metabolism.
Expression of GPR120 in Islets-An initial report using MIN-6 cells as a surrogate for islet ␤ cells suggested limited expression of the GPR120 gene in islets (5). Follow-up studies have since revealed GPR120 expression in a subset of islet cell lines including ␤TC-6 cells (data not shown) as well as in mouse and human islets (( Fig. 1) and Refs. 1, 4). In humans, increased GPR120 expression in islets is associated with increased insulin secretion and reduced HbA1C, and GPR120 expression is significantly reduced in islets isolated from patients with type 2 diabetes relative to patients with normoglycemia (4). The localization of GPR120 within islets has not been extensively explored. Our observation that GPR120 mRNA is expressed in ␣ cells differentiated from human embryonic stem cells (Fig.  1B) combined with our observation that LCFA potentiated glucagon secretion is markedly reduced from GPR120 KO islets (Fig. 5, A and B) suggests that there is some expression in islet ␣ cells. We sought to identify the localization of the GPR120 protein within islets, as has been previously described in taste cells (22) , but could not identify a commercially available antibody that was specific for GPR120 (data not shown).
The human GPR120 gene is different than the rodent gene in that it is subject to alternative splicing. We explored the isoform-specific expression of GPR120 in human islets and other GPR120 expressing tissues. In human islets and in ␣ cells differentiated from human embryonic stem cells, only the GPR120 isoform lacking the splice insert (GPR120S) appears to be expressed (Fig. 1A) . The isoform containing the splice insert (GPR120L) was not detected in islets or in any of the other GPR120 expressing tissues (e.g. adipose or lung) we evaluated using conventional PCR methods. This is the first description of the relative expression of GPR120S and GPR120L in human tissues. The reports describing the existence of GPR120L do not mention the tissue from which it was cloned (5, 19) . Whether tissues can be identified that express GPR120L is of significant interest because GPR120L signals exclusively through ␤-arrestin upon stimulation with agonists whereas GPR120S signals both through G␣ q/11 mediated increases in calcium mobilization and via ␤-arrestin pathways (19) . A broader expression study on human tissues from both normal and diseased states would likely shed light on whether GPR120L is expressed in tissues not evaluated here and whether the observed differences in signaling are relevant to GPR120 biology.
Islet Architecture and Function in GPR120 KO Mice-Islets from GPR120 KO mice secreted both insulin and glucagon in response to non-fatty acid secretogogues to the same degree as GPR120 WT mice (Fig. 2, B and D) . While islet glucagon content was similar between genotypes, insulin content was markedly reduced in GPR120 KO mice relative to GPR120 WT mice (Fig. 2F) . Analysis of the architecture of islets using immunohistochemistry did not reveal any gross abnormalities in GPR120 KO mice relative to GPR120 WT mice regardless of whether the mice were fed normal chow or high fat diets. The only difference we observed was an increase in the presence of ␣ cells within the core of islets in GPR120 KO mice on both normal chow and high fat diets relative to GPR120 WT mice (Fig.  3) . It should be noted, however, that these immunohistochemistry studies were not designed or powered appropriately to quantitate islet number, hormone expression or the presence of ␣ cells in the islet core. As a result, the observation of increased core ␣ cells was not assessed as has been previously described (20) . This observation is common in rodent models where stress increases the demand for insulin and is likely the result of the metabolic dysregulation in GPR120 KO mice (23) . The generation of islet-specific GPR120 KO mice could help clarify whether our observations of reduced islet insulin content and an increased presence of core ␣ cells in GPR120 KO mice is caused by metabolic stress or the loss of GPR120 within the islet.
GPR120 Mediates the Effects of Unsaturated and Saturated LCFA-potentiated Glucagon Secretion-Research on GPR120 to date has relied heavily on the use of unsaturated LCFAs to interrogate its role in tissues important for glucose homeostasis. Despite the initial de-orphanization of GPR120 suggesting that it could be activated by saturated fatty acids such as myristic, palmitic, and stearic acids (5), unsaturated -3 fatty acids (e.g. DHA and ␣-linolenic acid) have primarily been used to demonstrate roles for GPR120 in mediating GLP-1 release from enteroendocrine cells, in the regulation of glucose uptake in adipocytes and in its ability to engage anti-inflammatory and insulin-sensitizing mechanisms in macrophages (3, 5) . A synthetic agonist (GW9508), which activates both GPR120 and GPR40, albeit with 100-fold more selectivity for GPR40, has been used to support observations made with -3 fatty acids in tissues that lack GPR40 expression (3, 24) .
Here, we clearly demonstrate that both saturated and unsaturated fatty acids lead to increases in calcium mobilization in cells expressing either GPR120 or GPR40. In the context of exploring an acute role for GPR120 in islets and specifically ␣ cells, we investigated whether GPR120 is important for both palmitate-and DHA-potentiated glucagon secretion. Our results reveal that GPR120 is involved in mediating LCFA-potentiated glucagon secretion and suggest that both saturated and unsaturated LCFAs are endogenous ligands for GPR120 in the islet (Fig. 5, A and B) . The finding that GPR120 mediates glucagon secretion from ␣-cells in response to LCFAs is consistent with observations that increases in intracellular calcium are required for palmitate-potentiated glucagon secretion from mouse islets (25) .
Whether both saturated and unsaturated LCFAs similarly activate GPR120 in adipocytes, macrophages, and enteroendocrine cells or whether unsaturated fatty acids engage the receptor differently than saturated fatty acids is unclear. The latter hypothesis is intriguing in light of the recent identification of allosteric agonists to GPR40. Like GPR120, GPR40 is coupled to G␣ q/11 and is activated by both saturated and unsaturated LCFAs. GPR40 is highly expressed in islet ␤ cells and is required for the potentiating effects of LCFAs on glucose-stimulated insulin secretion (GSIS) (11, 13) , a finding that is confirmed here (Fig. 5F ) and supported by data suggesting synthetic GPR40 agonists similarly enhance GSIS both ex vivo and in vivo (26) . GPR40 has been suggested to have 3 allosteric sites. Full agonists that bind to one site are very efficacious at increasing both GLP-1 and insulin release in vivo and ex vivo whereas partial agonists that bind to another site are comparably less efficacious at inducing insulin release and fail to have any effect on GLP-1 release (27) . The differences in efficacy of saturated versus unsaturated fatty acids on glucagon secretion are suggestive that different LCFA species can engage secretory pathways in ␣-cells differently (Fig. 5) , this may be explained in-part by differences in the metabolism of the different LCFA species. However, the finding that GPR120 is activated endogenously by both species of LCFAs and the finding by Oh et al. that GPR120 is required for the anti-inflammatory and insulin-sensitizing effects of omega-3 fatty acids in DIO mice (3), an effect not observed with saturated fatty acids in rodents (28) , supports the design of future experiments to explore whether saturated and unsaturated fatty acids engage GPR120-dependent signaling cascades differently in different tissues.
Both GPR40 and GPR120 In Are Important for LCFA-potentiated Hormone Release from ␣ Cells but Not ␤ Cells-We explored the possibility that GPR120 might also contribute to the potentiating effects of LCFAs on GSIS but did not find evidence that it played a role in the ability of palmitate to potentiate GSIS.
Similarly, we explored the effects of LCFAs on glucagon secretion from GPR40 KO islets. Previous reports indicated that GPR40 is expressed in ␣ cells (29) and although the synthetic GPR40 agonist, TAK-875, does not appear to increase glucagon secretion from rodent or human islets (26) , antisense experiments suggest that GPR40 is required for LCFA potentiated glucagon secretion (29, 30) . We found that like GPR120, GPR40 can mediate the potentiating effects of both palmitate and DHA on glucagon secretion from ␣ cells (Fig. 5, C and D) . At least at the mRNA level, changes in the expression of GPR40 and GPR120 in KO islets do not appear to explain the involvement of both receptors for LCFA-potentiated glucagon secretion. There is some evidence in taste cells that both receptors are required as taste preference for LCFAs is reduced in both GPR120 and GPR40 KO mice (31) . The implication that both receptors are involved in the regulation of LCFA-potentiated glucagon secretion to the interpretation of our results is unclear. The development of GPR120-specific antibodies may shed light on whether cell surface expression of GPR40 or GPR120 is altered in KO islets. It is also possible that both receptors independently contribute to a fraction of LCFA potentiated glucagon secretion. The development of GPR120 agonists and a more thorough characterization of the different classes of GPR40 agonists may help to confirm the extent to which each of the receptors contributes to increased glucagon secretion from ␣ cells. The development of tissue-specific GPR120/GPR40 double knock-out mice might provide additional insight as to the role of these receptors in the ␣ cell.
The Glucagon Axis Contributes to the Glucose Intolerance Observed in GPR120 KO Mice-Metabolic dysregulation in the GPR120 KO mice has previously been described. The severity of the phenotype and the diet on which it is most pronounced varies between reports. Oh et al. observe glucose intolerance in GPR120 KO mice on NCD but not on HFD but, do not observe any differences in body weight between genotypes regardless of diet (3). Ichimura et al. observe glucose intolerance on HFD but not on NCD and similarly, observe increased body weight in GPR120 KO mice on HFD but not on NCD (7). In our hands, GPR120 KO mice on both NCD and HFD are hyperglycemic and glucose intolerant (Fig. 6, C and E) . The degree of hyperglycemia and glucose intolerance appeared to be more severe in our GPR120 KO mice on HFD. Our GPR120 KO mice are significantly heavier than WT mice on NCD (Fig. 6A) . On HFD, the body weights of GPR120 KO mice are similar to WT mice through 4 months of age (Fig. 6B ). An increase does however become apparent in GPR120 KO mice relative to GPR120 WT mice by 6 months of age (20 weeks on HFD, data not shown). It is not clear what contributes to the differences reported between the three independent analyses of GPR120 KO mice on NCD and HFD. It is not uncommon for phenotypes to vary between research groups; in fact, marked differences have been reported for GPR40 KO mice (13, 32) . The observed differences between our 3 groups may relate to the extent of backcrossing, the method of KO generation or even differences in housing.
Analysis of the source of glucose intolerance observed by Oh et al. and Ichimura et al. in GPR120 KO mice is purported to be related to insulin resistance. Our data are somewhat conflicting with respect to insulin resistance and when taken together do not appear to support insulin resistance as the cause of glucose intolerance in our GPR120 KO mice. Consistent with the concept of increased insulin resistance, our GPR120 KO mice on NCD are hyperinsulinemic and exhibit an increase in the expression of inflammatory markers within adipose tissue ( Fig.  6D ; data not shown). On the other hand, our GPR120 KO mice on HFD are hyperglycemic but have insulin levels similar to those of WT mice on HFD (Fig. 6, C and D) . Further, glucose levels reach a similar nadir in both GPR120 WT and KO mice on NCD during insulin tolerance tests despite a higher starting baseline glucose level in GPR120 KO mice (Fig. 7A) . Moreover, insulin-mediated akt phosphorylation is identical in the skeletal muscle, liver, and adipose tissue of GPR120 WT and KO mice on NCD after injection of insulin via the vena cava (data not shown). The increased rate of return of glucose to baseline during an insulin tolerance test in GPR120 KO mice relative to WT mice pointed to an enhanced counter-regulatory response as a contributor to the observed glucose intolerance (Fig. 7A ). In agreement with this hypothesis, not only is the glucose profile during the ITT performed by Ichimura et al. strikingly similar to that peformed here but the report by Oh et al. revealed markedly increased endogenous glucose production in GPR120 KO mice during the course of a euglycemic-hyperinsulinemic clamp study (3, 7) .
To gain a better understanding of glucose production by the liver, gluconeogenesis and glycogenolysis were evaluated in GPR120 KO mice on NCD. Our results were somewhat contradictory in that the glucose excursion was reduced following a pyruvate challenge, suggesting reduced gluconeogenesis, and the glucose excursion was markedly increased following a glucagon challenge, suggesting increased glycogenolysis (Fig. 7, B  and D) . Increased arginine-potentiated glucagon release was also observed in GPR120 KO mice (Fig. 7C) . Although unlikely since GLP-1 does not appear to be different between GPR120 WT and KO mice (3), we cannot exclude the possibility that altered GLP-1 release did not contribute to the observed increase in glucagon. GLP-1 is known to have inhibitory effects on glucagon secretion and GPR120 activation is reported to regulate GLP-1 secretion (5, 33) . The net effect of increased hepatic glucagon sensitivity on a background of increased stimulated glucagon secretion versus the reduction in gluconeogenesis is difficult to assess with the tools used here. These data combined with the increase in endogenous glucose production observed previously are suggestive that an altered glucagon axis contributes significantly to the metabolic phenotype of GPR120 KO mice (3) . At a minimum, our observations suggest that hepatocytes, which do not express GPR120 (2, 5, 34) and data not shown), may be a key integrator of hormonal and metabolic alterations arising from GPR120 signaling in other tissues like colon, adipose, pancreas, and pituitary.
Closing Remarks-Here, we show for the first time that GPR120 may play an important role in islet function, specifically in the regulation of glucagon release. Elevation of glucagon is a central feature in type 2 diabetes contributing to hyperglycemia by driving increased glucose production from the liver. Integration of our observations in islets with respect to the GPR120 KO mouse phenotype requires further investigation and may involve compensatory mechanisms. The development of potent and selective GPR120 synthetic agonists and antagonists should help to better understand the extent of glucose lowering that can be achieved via modulation of hepatic glucose production by GPR120-dependent mechanisms.
